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Abstract 
Very few studies related to the solubilization of Fe (III) oxides substituted by Mn and Co, whereas such oxides are 
frequent in natural environment. In this present work, goethites substituted for various Mn and Co rates were 
synthesized and subjected to the reducing action, first, by chemical treatment, with a the dithionite-citrate-
bicarbonate (CBD) reagent, and secondly, by biological treatment with Clostridium butyricum a fermentative Fe 
(III). The comparison of two processes showed that the dissolution rates of iron decreased with substitution. The 
study of the bacterial fermentative balance shows that substitution, its rate and its nature, does not influence the 
bacterial fermentative balance (total activity and number of electron produced were unchanged). However, it 
decreases the percentage of electrons engaged in the reduction process. This result demonstrates the control of the 
bacterial reduction of iron oxides by the cristallo-chemical characteristics of the latter. 
 
 
Bacteria, biodegradation, heavy metals, soil 
1. Introduction 
Iron is an essential element of natural environments and organizations. Its importance and interest are 
related to its participation in both the structure and evolution of many primary and secondary minerals, as its 
fundamental role in the functioning of living organisms and natural environments. In soils, iron is found in the form 
of silicates, sulfides, carbonates, phosphates, but mostly as oxides and oxyhydroxides.  
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In natural environments, oxides and oxyhydroxides rarely exist in pure form. They are both reserves and 
wells metals. The presence of a metallic element as a substitute in these minerals is a factor controlling the kinetics 
of bacterial and chemical dissolution of iron oxides. This substitution plays an important role in controlling the bio- 
availability of iron for microorganisms and plants [1]. The dissolution, by chemical reduction, of pure iron oxides 
and iron oxides substituted by aluminium in the presence of reducing agents and possible formation of complexes 
has been the subject of a number of studies. Dissolution by reduction, in the presence of microorganisms, has also 
been extensively studied [2]. However, the chemical and bacterial dissolution of oxides, substituted by manganese 
or cobalt, and their effect on the dissolution of metallic elements were rarely treated. 
The aim of our work was to study the bacterial and chemical solubilization of synthetic goethites 
substituted at different percentages by manganese and cobalt. We determined the impact of the presence of such 
substitution on dissolution kinetics and on bacterial carbon metabolism. We also studied the relationship between 
the mobility of iron and that of associated heavy metals. 
2. Material and methods 
Used synthetic minerals  
Pure goethites and Mn or Co substituted - goehtites were synthesized according to the protocol adapted 
from Schwertmann (1991) [3]. Samples with percentages of substitutions between 0 and 12% were selected for this 
study. Samples were characterized by X-ray diffraction, observed on Scanning Electron Microscopy (SEM). Metal 
concentrations were determined by ICP (Inductively Coupled Plasma). The specific surfaces of several samples 
were determined by the STE method (scanning transmission electron), the adsorbent is the nitrogen. 
 
Bacterial culture and identification 
Bacterial dissolution experiments were conducted with a bacterial strain Clostridium butyricum isolated 
from a tropical soil rich in aluminium and iron. It is a fermentative bacterium producing two majority acids (acetic 
and butyric acid) [4,5,6]. The transplanting, the counting and the activity of iron-reducing bacteria Clostridium 
butyricum were determined on a modified Bromfield medium [4]. 
 
Bacterial dissolution of synthetic goethites (pure and substituted)  
The CO2 content was determined by infrared spectrophotometry BERYL COSMA 100 ((Ȝ = 2325.6). The 
enzymatic assay of glucose was performed using a kit (Kit D.glucose F 16.251 UV, method Boehringer). Organic 
acids were measured by HPLC using System Gold Beckmann. The pH was determined by a combination electrode 
Metrhom. PH measurement was performed on a volume of 3 ml taken daily basis over a period of ten days. This 
allows monitoring the acidification of the medium. 
Mineral analysis of the solution was performed for Fe II, using the phenanthroline method, for total Fe two 
quantitative assays were performed: Colorimetric assay using the Eisen-Test (aquamerk 11 136/8023) and ICP-OES 
assay (Inductively Coupled Plasma) (ICP-OES; Varian Vista-MPX). Total Mn was measured by the test 
(Spectroquant 1.14770.0001) and by ICP at 257.61 nm.  Co was only measured by ICP at 228.616 nm. 
 
Chemical dissolution of synthetic goethites (pure and substituted)  
Chemical dissolution of goethite was conducted at 20 ° C using the dithionite-citrate-bicarbonate (CBD). 
The assay of iron, manganese and cobalt is carried out by ICP. The wavelengths used in nanometers, 259.94 for 
iron, manganese and 257.610 to 228.616 for cobalt. 
3. Results 
Characterization of synthetic goethite used 
For substituted goethites, the iron solution is replaced by a mixed solution Fe-M (M could be Mn or Co). 
The variation of the M / M + Fe leads to different rates of substitution. Total dissolutions of samples lead to 
determine precise proportions of iron and heavy metals. Then, the averages of substitution rates are shown in the 
table 1. 
The results illustrate that as the specific surface increases, the rate of Co substitution increases (such results 
are not obtained with Mn substitution). At the same time, a decrease in the crystalline mesh parameters was 
Hiba Noureddine et al. / Physics Procedia 21 (2011) 211 – 219 213
observed (results not shown). Bousserrhine et al, (1998) used aluminium substituted goethites and obtained the same 
results 
 
 
Table1: rate of substitution and specific surfaces. 
 
Samples Substituted element percentage of 
substitution 
Specific surfaces on m2 
/g 
Mn 1 none 0 nd 
Mn 2 manganese 2.45 nd 
Mn 3 manganese 10 nd 
Mn 4 manganese 12 nd 
Co 1 cobalt 0 46 
Co 2 cobalt 2.3 57.5 
Co 3 cobalt 4.8 77.4 
Co 4 cobalt 6.6 74.7 
 
Study of the dissolution of pure synthetic goethites: 
 
Bacterial solubilisation:  
The biological solubilization of pure goethite particles, by Clostridium butyricum, was realized in serum 
flasks. At the same time, we studied the carbon metabolism by targeting the following parameters: CO2 production, 
consumption of glucose, production of organic acids and the effect on the pH of the medium. The experiment was 
repeated three times for each sample. 
The kinetics of iron solubilization include different phases (Figure 1): the latent phase in which little or no 
iron is dissolved, extends over 0 -10 hours. This phase corresponds to the period required for bacteria to remove the 
last traces of oxygen and to complete anaerobiosis of the medium. Moreover, it may reflect the time of bacterial 
adaptation to the culture medium. This period could be also necessary to synthesize enzymes involved in the 
reduction.  
The exponential phase where the rate of iron solubilization is maximal, extends over 10 -60 hours. This 
phase reflects an optimal physiological state of bacteria.  A deceleration period follows, in which the rate of iron 
dissolution decreases. The time of this period is estimated to be 60 - 90 hours. Finally, bacteria enter the stationary 
phase (beyond 90 hours) in which the concentration of dissolved iron does not increase anymore.  
 
Figure 1: solubilization of goethite’s iron by pure strain Clostridium butyricum. Each point 
represents an average of three tests. 
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In order to study the relationship between the iron reduction and the activity of ferric- iron reducing 
bacteria, we have followed the overall activity of the Clostridium butyricum strain (released CO2) (Figure 2A), the 
glucose consumption and the acidification the medium (Figure 2B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: relationship between iron solubilisation and carbon metabolism. A: relationship between global 
activity and iron solubilisation. B: relationship between glucose consumption and pH evolution. 
 
The results show that the iron-reducing activity (iron dissolution) correlated with the overall activity of 
bacteria (CO2 production). The kinetics of CO2 production illustrates the same phases of those observed during the 
dissolution of iron (Figure 2A). The kinetics of glucose consumption (enzymatic assay and HPLC) showed a rapid 
and complete consumption after 65 hours. However, the iron-reducing activity remains significant until 90 hours of 
culture. On the other hand, a strong and rapid acidification of the medium was observed (Figure 2B). Analysis of the 
solution by HPLC showed that this decrease of pH is mainly attributed to the production of two organic acids 
(butyric acid and acetic acid). 
 
Chemical solubilisation:  
The kinetics of chemical iron dissolution is shown in (figure 3). After 12 hours of extraction, 90% of iron 
was dissolved. All of the iron was dissolved after 24 hours of extraction. 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure 3: kinetic of iron dissolution of pure goethite by CBD at 20°C. Each point represents an average of two 
repetitions. 
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Study of dissolution of goethites substituted by manganese:  
 
Bacterial solubilisation:  
We studied four goethites differing in the percentage of substitution of manganese (table 1). The results of 
the kinetics of bacterial iron solubilisation are shown in Figure 4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Bacterial solubilisation of iron of goethites substituted by manganese. Each point 
represents an average of three tests. 
 
With this condition, the phases are similar to those observed with the pure goethite (lag (latent) phase, 
exponential phase, deceleration phase and stationary phase). All of iron is dissolved in Mn1 and Mn2 samples. 
However, only 88% of the iron is dissolved from goethites of Mn3 and Mn4. 
In order to show the effect of the substitution rate on the dissolution kinetics, the initial and final rates of 
iron solubilization for each of the studied goethites were calculated. The results are represented in Table 2. 
 
Table 2: Initial and final rates of bacterial solubilisation of iron. 
 
Samples Initial rate (ppm solubilised iron 
/ hour) 
Final rate (ppm solubilised iron 
/ hour) 
Mn 1 1.77 3.75 
Mn 2 1.28 3.57 
Mn 3 1.22 2.73 
Mn 4 0.95 2.47 
 
The relationship between dissolution of iron and manganese: 
The graphs A, B and C in Figure 5, show that the curves of manganese dissolution have similar trends and phases 
as those of iron. However, we found that Mn3 and Mn4 goethites have released more manganese than iron. The 
graphs A1, B1 and C1 show certain congruence between the passage of iron in solution and the dissolution of 
manganese (the ratio Mnd / Mnt of Fed / Fet is close to unity). We studied the CO2 production and glucose 
consumption by iron-reducing bacteria. Results presented in figure 6A, show the same phases as those for the pure 
goethite (lag phase, exponential phase, deceleration phase and stationary phase). The growth and the activity of 
bacteria are not inhibited by the presence of manganese. Figure 6B displays the kinetics of glucose consumption. As 
shown, if substitution rates of synthetic goethites increase, the glucose consumption becomes slower. 
 
 
 
 
0
20
40
60
80
100
120
0 50 100 150 200
temps en heure
%
 fe
r 
s
o
lu
bi
lis
é
Mn 1
Mn 2
Mn 3
Mn 4
%
 
o
f s
o
lu
bi
liz
ed
iro
n
 
Time (hours)
%
 fe
r 
s
o
lu
bi
lis
é
%
 
o
f s
o
lu
bi
liz
ed
iro
n
 
216  Hiba Noureddine et al. / Physics Procedia 21 (2011) 211 – 219
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: effect of bacterial activity on the dissolution of goethites substituted with manganese. A, B and C: % 
of iron and manganese dissolved by bacterial dissolution. A1, B1 and C1: correlation between bacterial 
dissolution of iron and mobilisation of manganese. Fed / Fet: proportion of dissolved iron / total iron present 
in the goethites. Mnd / Mnt: proportion of dissolved manganese / total manganese present in the goethites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: CO2 production and glucose consumption by iron-reducing bacteria in presence of goethites 
substituted by manganese. Each point represents an average of three tests. 
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Chemical solubilisation:  
The kinetics of the solubilization of iron by the chemical reagent CBD at 20 °C are shown in Figure 7. 
After 24 hours of extraction, more than 98% of total iron was solubilized for Mn1 and Mn2 against only about 90% 
for Mn3 and Mn4. The complete solubilization for Mn3 and Mn4 was obtained after 72 hours (results not shown). 
Kinetics studies show that it is the non-substituted goethite (Mn1), which dissolves the fastest, followed respectively 
by goethites, Mn2, Mn3 and Mn4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: kinetic of iron dissolution of goethites substituted by manganese by CBD at 20°C. Each point 
represents an average of two repetitions. 
 
As in the case of biological solubilization, chemical solubilization showed a linear relationship between 
iron and manganese in solution and a decrease in the rate of dissolution with the increase in the rate of substitution 
(results not shown). 
 
Study of dissolution of goethites substituted by cobalt:  
 
Chemical dissolution: 
Only chemical dissolution of cobalt- substituted goethites was performed in this work. Figure 8 shows that, 
after 8 hours of extraction, about 88% of the iron were dissolved in Co1 against less than 75% for the other three 
goethites. Kinetics studies show that it is the non-substituted goethite (Co1), which dissolves the fastest, followed 
respectively by goethites Co2, Co3 and Co4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: kinetic of iron dissolution of goethites substituted by cobalt by CBD at 20°C. Each point represents 
an average of three repetitions 
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The relationship between dissolution of iron and cobalt: 
The curves (A, B and C) in Figure 9 show that the dissolution of iron is accompanied by a release of cobalt. 
Curves (A1, B1 and C1) show that the mobilization of cobalt is congruent with that of iron. Similar results were 
obtained during the study of bacterial solubilization of the same goethite 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: effect of chemical solubilisation on the dissolution of goethites substituted with cobalt. A, B and C: 
% of iron and cobalt dissolved by chemical dissolution. A1, B1 and C1: correlation between chemical 
dissolution of iron and mobilisation of cobalt. Fed / Fet: proportion of dissolved iron / total iron present in the 
goethites. Mnd / Mnt: proportion of mobilized cobalt / total cobalt present in the goethites. 
4. Discussion 
Oxides and oxyhydroxides of iron are widespread in soils. They play an important role in many 
geochemical and geological processes. They are very stable compounds in the environment, considered insoluble 
(except in complex conditions and especially under reducing conditions), with a solubility product often less than 
10-36 [7]. In natural environments, iron oxides, particularly goethite rarely exist in pure form. They are both reserves 
and wells for metals, which play an important role in controlling their availability [8]. Chemical and bacterial 
reduction and dissolution of these oxides can strongly influence the distribution of iron and heavy metals associated 
with it. 
In our work, we studied the bacterial and chemical dissolution of synthetic goethites substituted by 
manganese and cobalt. The study of the dissolution of synthetic goethite by bacterial reduction showed that the 
presence of manganese or cobalt, as a substitute in the network of goethite, and their rates are fundamental 
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parameters that control the dissolution kinetics. The presence of manganese or cobalt in substitution causes a 
decrease in initial rates of dissolution. More the rates of substitution are important more the initial rates are smaller.  
We found a correlation between the solubilisation of iron and the mobilization of manganese and cobalt reflecting 
on the one hand, the uniform distribution of manganese and cobalt in the network of goethites and on the other hand, 
the uniform attack of oxide by iron-reducing bacteria. The kinetics of biological dissolution depends on the nature of 
the element in substitution. Indeed, for the substitution rate higher than 5%, cobalt goethites seem more resistant to 
bacterial reduction than manganese goethites. The study of fermentative metabolism developed by bacteria during 
the reduction of iron shows that the carbon metabolism of bacteria is slowed but not inhibited by the contact with 
substituted goethites. Thus, the initial rates of glucose consumption are lower in the case of substituted goethites. 
Chemical reduction shows the same phenomena of correlation between the solubilization of iron and that of 
metal in substitution (Mn or Co). The results also show a decrease in dissolution rate with the increasing in 
substitution rate. However, the chemical reduction of goethite substituted with high levels of Co or Mn (above 5%) 
shows that cobalt goethites are less resistant than manganese goethites. This difference of behaviour between 
biological and chemical dissolution can be explained by the toxic effect of Co dissolved in biological reactions. This 
toxicity does not appear in the chemical dissolution. 
The results obtained demonstrate that, in environments more or less hydromorphic or subject to temporary 
water-logging (soil, sediment ...), where the bacterial reduction is present, the substitution of heavy metals in iron 
oxides or the nature and rate of the element in substitution, are dominant parameters which control the alteration of 
oxides and the bio-availability of iron and associated metals. 
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